ABSTRACT: Serotonin (5HT) is a modulator of many vital processes in the spinal cord (SC), such as production of locomotion. In the larval zebrafish, intraspinal serotonergic neurons (ISNs) are a source of spinal 5HT that, despite the availability of numerous genetic and optical tools, has not yet been directly shown to affect the spinal locomotor network. In order to better understand the functions of ISNs, we used a combination of strategies to investigate ISN development, morphology, and function. ISNs were optically isolated from one another by photoconverting Kaede fluorescent protein in individual cells, permitting morphometric analysis as they developed in vivo. ISN neurite lengths and projection distances exhibited the greatest amount of change between 3 and 4 days post-fertilization (dpf) and appeared to stabilize by 5 dpf. Overall ISN innervation patterns were similar between cells and between SC regions. ISNs possessed rostrally-extending neurites resembling dendrites and a caudally-extending neurite resembling an axon, which terminated with an enlarged growth cone-like structure. Interestingly, these enlargements remained even after neurite extension had ceased. Functionally, application of exogenous 5HT reduced spinally-produced motor nerve bursting. A selective 5HT reuptake inhibitor and ISN activation with channelrhodopsin-2 each produced similar effects to 5HT, indicating that spinally-intrinsic 5HT originating from the ISNs has an inhibitory effect on the spinal locomotor network. Taken together this suggests that the ISNs are morphologically mature by 5 dpf and supports their involvement in modulating the activity of the spinal locomotor network.
INTRODUCTION
Serotonin (5HT) is found nearly ubiquitously in living organisms and serves a wide variety of functions both between, and within species. 5HT functions as a neurotransmitter in the nervous system, playing important roles in processes including digestion, circadian rhythms, learning and memory, sensation, and behavior (Berger et al., 2009 ). Serotonergic signaling is accomplished in a variety of ways; through any of the 14 G protein-coupled or ionotropic 5HT receptor (5HTR) subtypes identified in mammals (Hoyer et al., 1994; Barnes and Sharp, 1999) and through transmission at synapses or extrasynaptically through volume transmission (Ridet et al., 1993; Bunin and Wightman, 1999; Fuxe et al., 2007) . Therefore, investigations of the 5HT system require a systematic approach to isolate its mechanisms of action.
Consistent with its pervasiveness within the nervous system, 5HT affects the activity of many neural networks within the spinal cord (SC), including the spinal locomotor network (Schmidt and Jordan, 2000) . 5HT is sufficient to elicit fictive locomotor activity in spinally-transected rabbits (Viala and Buser, 1974) and in isolated neonatal rat and mouse SCs (Cazalets et al., 1992; Nishimaru et al., 2000) . Modulation of spinal motor neurons and interneurons by 5HT is a shared phenomenon among all vertebrate classes (Harris-Warrick and Cohen, 1985; Rossignol and Dubuc, 1994; Sillar et al., 1998; Schmidt and Jordan, 2000) . Spinal 5HT also promotes neuronal regeneration, network reorganization, and recovery of locomotor function following SC injury, which can be manipulated through pharmacological enhancement of 5HT signaling or transplantation of serotonergic neurons caudal to the site of injury (Ghosh and Pearse, 2014; Barreiro-Iglesias et al., 2015) . The prevalence of 5HT in the SC, combined with its potential therapeutic effects, has helped to drive decades of research into the spinal 5HT system.
The raphe nuclei innervate the SC from the hindbrain, providing the mammalian SC with the majority of its 5HT (Dahlstr€ om and Fuxe, 1964; Steinbusch, 1981) . The observation that 5HT was not entirely eliminated from the SC after complete, chronic spinal transection from the brain led to the inferred existence of spinally-intrinsic serotonergic neurons (Carlsson et al., 1963; And en et al., 1964; Shibuya and Anderson, 1968; Clineschmidt et al., 1971) . Subsequent development of immunohistochemical labeling techniques (Steinbusch et al., 1978) assisted both in confirming and characterizing intraspinal serotonergic neurons (ISNs) in a wide variety of vertebrates, including teleost and non-teleost fishes (Parent and Northcutt, 1982; Ritchie and Leonard, 1982; Van Dongen et al., 1985b; Onstott and Elde, 1986; Van Raamsdonk et al., 1996; McLean and Fetcho, 2004a) , chicks (Sako et al., 1986; Wallace et al., 1986) , murids (Newton et al., 1986; Ballion et al., 2002) , and monkeys (Lamotte et al., 1982) . Robust innervation of the SC with descending serotonergic fibers from the raphe is well-conserved; however, both the number and location of ISNs are variable between species (Schmidt and Jordan, 2000; Lillesaar, 2011) . Mammalian ISNs tend to be restricted to certain levels of the SC (Lamotte et al., 1982; Newton and Hamill, 1988; Ballion et al., 2002) , whereas non-mammalian ISNs are more evenly-distributed along the rostrocaudal axis (Ritchie and Leonard, 1982; McLean and Fetcho, 2004a) .
The proposed functions of ISNs are related to their number and location, as well as the regions of the SC that they innervate. For example, rats have very few, dorsally-located ISNs, therefore these ISNs are hypothesized to play an autonomic or nociceptive function (Newton and Hamill, 1988) . In contrast, fish have considerably more numerous ISNs that are typically located in the ventral SC, near the locomotorgenerating circuitry that they are believed to modulate Van Dongen et al., 1985a; Van Raamsdonk et al., 1996; McLean and Fetcho, 2004b) . Consistent with this hypothesis, NMDA-induced locomotor activity is modulated by selective 5HT reuptake inhibitors (SSRIs) in isolated lamprey SCs Zhang and Grillner, 2000) , demonstrating that 5HT produced by spinally-intrinsic sources modulates the spinal locomotor network.
The combination of transparency and genetic tractability of the larval zebrafish permits in vivo visualization and perturbation of neurons in an intact vertebrate system, making them especially amenable to the study of neural networks and their development. In developing embryonic zebrafish, 5HT-immunoreactive (5HT-ir) Kolmer-Agduhr neurons in the ventral SC express the 5HT-synthesizing enzyme tryptophan hydroxylase 1a (tph1a) between approximately 1 and 2.5 days post fertilization (dpf; Bellipanni et al., 2002; Montgomery et al., 2016) . The Kolmer-Agduhr neurons gradually lose tph1a expression and 5HT-immunoreactivity as a separate population of ISNs and descending raphe projection fibers complete innervation of the SC at approximately 4 dpf (McLean and Fetcho, 2004a; Montgomery et al., 2016) , coinciding with development of the mature beat-and-glide swimming pattern in larval-stage zebrafish (Buss and Drapeau, 2001 ). This laterappearing population of ISNs expresses tryptophan hydroxylase 2 (tph2) instead of tph1a and persists until at least 10 dpf (Montgomery et al., 2016) . 5HT-ir neurons have also been confirmed in the ventral SC of adult zebrafish (Van Raamsdonk et al., 1996; Kuscha et al., 2011; Barreiro-Iglesias et al., 2015) , although tph gene expression in these cells has not been characterized.
Larval zebrafish ISN somas are evenly-distributed along the rostrocaudal axis of the SC, ovoid, of a consistent size, and ventrally located (Brustein et al., 2003; McLean and Fetcho, 2004a) , slightly lateral to the ventral-most Kolmer-Agduhr neurons (Montgomery et al., 2016) . Immunohistochemistry and stochastic labeling with green fluorescent protein (GFP) have shown that ISNs possess single processes that extend dorsolaterally into the motor column and split into putative dendritic processes and a caudal projection resembling an axon (Brustein et al., 2003; McLean and Fetcho, 2004a; McLean and Fetcho, 2004b) . The caudal projections appeared to terminate with a growth cone 1-2 body segments from the soma, although processes from individual ISNs were difficult to discriminate from one another and from projections originating in the brain (McLean and Fetcho, 2004a) .
The recent identification of ISN-specific zebrafish pet1 and tph2 promoters (Lillesaar et al., 2009; Yokogawa et al., 2012) , combined with the development of photoconvertible fluorescent proteins, facilitates in vivo optical isolation and investigation of individual ISNs and their projection patterns. We used these tools to quantify ISN localization, development, and morphometry, expanding upon previous immunohistochemistrybased descriptions. We also used pharmacologic and optogenetic tools to perturb the spinal 5HT system to enhance serotonergic signaling in the SC, which produced a decrease in spinally-generated locomotor bursting activity. Together, this supports a role for the ISNs in modulating activity of the spinal locomotor network.
MATERIALS AND METHODS

Zebrafish Lines and Maintenance
Adult zebrafish were maintained at the University of Minnesota Zebrafish Core Facility using standard practices (Tye et al., 2015) . Embryos and larvae were raised at 28.58C with a 14-h light:10-h dark cycle in embryo water containing 60 mg/mL Instant Ocean (Blacksburg, VA) Sea Salt. All experimental protocols were approved by the University of Minnesota Institutional Animal Care and Use Committee. Animals used in the study included wild-type zebrafish (Segrest Farms, Gibsonton, FL) and the previously described Tg(pet1:EGFP) ne0214 (Lillesaar et al., 2009) and Tg(UAS:Kaede) s1999t (Scott et al., 2007) transgenic lines. The Tg(pet1:gal4-p2A-EGFP) gy1 line containing the -3.2 kb pet1 promoter (Lillesaar et al., 2009) upstream of Gal4VP16 (K€ oster and Fraser, 2001) fused to EGFP with a P2A self-cleaving peptide (Holst et al., 2006) was published earlier as Tg(fev:GAL4-GFP) gy1 (Xing et al., 2015) .
To generate the Tg(UAS:ChR2(H134R)-mCherry) umn200 line, ChR2(H134R)-mCherry was subcloned from the pcDNA3.1/hChR2(H134R)-mCherry plasmid (Addgene plasmid #20938; Zhang et al., 2007) into the pME-MCS Gateway middle entry clone (Kwan et al., 2007) using KpnI and NotI. The resulting plasmid was used in an LR Gateway reaction with the p5E-UAS 5 0 entry clone, p3E-polyA 3 0 entry clone, and the pDestTol2pA2 destination vector (Kwan et al., 2007) to make the final pDestTol2pA2-UASChR2(H134R)-mCherry expression construct. Capped Tol2 transposase mRNA was in vitro transcribed from the PCS2FA-transposase plasmid (Kwan et al., 2007) using the SP6 mMessage mMachine kit (Ambion, Foster City, CA). Tol2 transposase mRNA was co-injected with the pDestTol2pA2-UAS-ChR2(H134R)-mCherry expression construct (25 ng/mL each) into 1-4 cell-stage wild-type zebrafish embryos as described (Kawakami, 2004) .
Immunohistochemistry
For whole-mount larval immunohistochemistry, 5 dpf larvae were anesthetized with a lethal dose of 0.2% Tricaine-S (Western Chemical, Ferndale, WA), fixed in 4% paraformaldehyde, digested with Proteinase K (40 mg/mL), incubated with primary and secondary antibodies, and embedded in low melting-point agarose as described previously (Montgomery et al., 2016 (Buckley and Kelly, 1985) . For immunohistochemistry in adult SC sections, Tg(pet1:EGFP) ne0214 zebrafish (6 months post-fertilization) were anesthetized and dissected in cold 0.2% Tricaine-S. SC specimens were removed from the region of the SC corresponding to the ventral body cavity (between vertebrae 7 and 15) and fixed in 4% paraformaldehyde/13 PBS 48C overnight. Specimens were washed and cryoprotected in 5% sucrose/13 PBS at 48C overnight, then were oriented for sectioning and embedded in 1.5% agarose/5% sucrose/ 13 PBS. Samples were finally infiltrated 48C overnight each with, in order: 30% sucrose/13 PBS, 30% sucrose/13 PBS:O.C.T. Compound (1:1; Sakura Finetek USA Inc., Torrance, CA), and 100% O.C.T. Compound. Transverse and sagittal frozen sections (30 mm) were collected on slides, dried for 2 h at 508C, and stored at 2808C. For immunolabeling, slides were warmed for 20 min at 508C, rehydrated in 13 PBS for 20 min, incubated in blocking solution (2.5% bovine serum albumin, 0.3% Triton X-100, and 1% DMSO in 13 PBS) for 1 h, and labeled with rabbit polyclonal anti-5HT primary antibodies (1:400 in blocking solution) 48C overnight. Sections were washed 3 times with 0.05% Tween-20/13 PBS, incubated with Alexa Fluor 633 goat anti-rabbit secondary antibodies (1:500 in blocking solution) 1 h at room temperature, and washed 3 more times with 0.05% Tween-20/13 PBS. To reduce lipofuscin-like autofluorescence in vasculature, sections were briefly rinsed with distilled water, incubated in 10 mM Copper(II) sulfate pentahydrate in 50 mM ammonium acetate (pH 5.0) for 1 h at room temperature, rinsed again with distilled water, and rinsed with 13 PBS as described (Schnell et al., 1999) . Labeled slides were mounted with coverslips using Vectashield Antifade Mounting Medium (Vector Laboratories, Inc., Burlingame, CA).
Confocal Image Acquisition
Live zebrafish larvae were anesthetized with 0.02% Tricaine-S, embedded laterally or dorsally in 1.5% low melting-point agarose, and covered with 0.02% Tricaine-S. Confocal images of live and fixed whole-mount larvae and adult SC sections were acquired with an Olympus FluoView FV1000 confocal microscope (Center Valley, PA). Dual-wavelength differential fluorescence correction was used to reduce autofluorescence in labeled channels of adult SC sections (Steinkamp and Stewart, 1986; Billinton and Knight, 2001) . Image processing and enhancements were applied to entire panels using FIJI (Schindelin et al., 2012) and Photoshop CS5 (Adobe Systems, San Jose, CA).
ISN Distribution
To quantify and plot the position of ISN cell somas within the SC, live 3, 5, 7, and 10 dpf Tg(pet1:EGFP) ne0214 larvae (n 5 5, 5, 7, and 6, respectively) were embedded laterally in 1.5% low melting-point agarose and overlapping confocal z-stacks were collected along the entire rostrocaudal SC axis using a 403 water immersion objective. Z-stacks (9 stacks per larva) were merged with the Grid/Collection Stitching FIJI plugin (Preibisch et al., 2009 ) to create a single composite stack. The Cell Counter FIJI plugin was used to place counters along the lateral, dorsal, and ventral SC boundaries and centered on EGFP-positive somas. Cell Counter measurements were used to plot the position of all ISN somas in Matlab (Mathworks, Natick, MA) and Microsoft Excel (Redmond, WA). Body segment numbers one and two (rostral to the hindbrain/SC boundary) were excluded to restrict analysis to only the SC. Rostrocaudal positions were plotted as distance from the segment 2/3 boundary, while dorsoventral and lateral positions were plotted as proportion of SC height and width, respectively to account for the narrowing of the SC along the rostrocaudal axis. SC half-widths were calculated to approximate the lateral SC boundaries in lateral soma position plots to correct for body curvature resulting from agarose embedding.
Kaede Photoconversion and Morphometric Analysis
Tg(pet1:gal4-p2A-EGFP) gy1 ;Tg(UAS:Kaede) s1999t larvae were raised in the dark to prevent photoconversion of Kaede fluorescent protein (Ando et al., 2002) . Live larvae were embedded laterally in 1.5% low melting-point agarose.
Using the Olympus FluoView FV1000 photobleaching tool, a region of interest was drawn around individual Kaede-expressing ISN somas, and somas were continuously exposed to low intensity (8%) UV (405 nm wavelength) light for 30-60 s with a 603 water immersion objective. Confocal Z-stacks were collected across the entire width of the SC 5-10 min after UV light exposure in 3-10 dpf larvae. For single timepoint morphometric analysis, ISNs were imaged only once. For longitudinal study of ISN morphological development, larvae were unembedded after photoconversion and imaging, returned to embryo water in dark conditions, and photoconverted ISNs were reimaged the following day, repeated up to six times. If red Kaede fluorescence was low during ISN reimaging, additional UV light was applied to the cell to photoconvert more Kaede protein.
Morphometric measurements of photoconverted ISNs were made in FIJI. Rostral, caudal, and dorsal projection distances were measured using a straight horizontal or vertical line originating from the center of the soma to the furthest projection terminal from the soma in each direction. Lateral projection distances were measured in 3D projections rotated 908 along the rostrocaudal axis. All processes of individual photoconverted ISNs were traced and skeletonized in confocal Z-stacks with the Simple Neurite Tracer FIJI plugin (Longair et al., 2011) to identify and measure the longest rostrally and caudally projecting neurites. Traced paths were filled out with Simple Neurite Tracer and thresholded. Three-dimensional Sholl analysis (Ferreira et al., 2014) of thresholded Z-stacks was performed in FIJI to calculate the number of intersections at radii increasing in increments of 1 mm originating from the center of the cell soma. Sholl analysis included quantification of critical value (maximum number of intersections), critical radius (radius containing the maximum number of intersections), and maximum projection distance/enclosing radius for each photoconverted cell. Temporal changes to ISN morphometric measurements were expressed as percent change in the measures from one day to the next.
Peripheral Nerve Recordings and Analysis
Larvae (5-7 dpf) were anesthetized with 0.02% Tricaine-S in extracellular saline (in mM: 134 NaCl, 2.9 KCl, 1.2 MgCl 2 , 2.1 CaCl 2 , 10 HEPES), pH 7.8, mOsm: 290-300 (adjusted with sucrose). Larvae were prepared for peripheral motor nerve recording by pinning them laterally to a Sylgard-lined dissecting dish, skinning, and paralyzing for 10 min with 250 mM a-bungarotoxin (Tocris, Bristol, UK) as described previously (Masino and Fetcho, 2005 ). An FA-10 Feather S razor blade (Ted Pella, Redding, CA) was used to sever the SC and dorsal body trunk at segment 3-4. Preparations were placed on an Olympus BX51 WI microscope (Center Valley, PA) and constantly perfused with extracellular saline at room temperature. N-Methyl-Daspartic acid (NMDA, 50-75 mM; Sigma-Aldrich) was added to the perfusate to induce fictive locomotor activity in the spinally-transected preparations. Glass suction electrodes filled with extracellular saline were attached to motor nerves in the intermyotomal clefts and voltage was recorded with a Multiclamp 700B amplifier and Digidata 1440A digitizer using pClamp 10 software (Molecular Devices, Sunnyvale, CA) as described previously (Wiggin et al., 2012) .
Zebrafish locomotion consists of discrete swimming episodes that are made up of motor bursting corresponding to the contraction of one side of the body (Masino and Fetcho, 2005) . Bursting activity and its properties in peripheral nerve voltage recordings were analyzed in Matlab (Wiggin et al., 2012) . Episodic organization (EO) scores were calculated to quantify the organization of fictive locomotor bursting into episodes by testing the bimodality of interburst periods as previously described (Wiggin et al., 2012) . A bimodal distribution of inter-burst periods indicated that bursts consisted of those within an episode and those that spanned two episodes, resulting in a high EO score. A nonbimodal distribution indicated that bursting occurred that was not grouped into episodes, resulting in a lower EO score. Values were expressed as a percentage of the baseline when comparing fictive swimming properties between preparations to account for individual Baseline differences.
Pharmacology
Wild-type larvae were perfused with extracellular saline with 50-75 mM NMDA for 20-30 min prior to voltage recordings. NMDA-induced baseline nerve activity was recorded for 10 min, 5HT (Sigma-Aldrich; n 5 8) or citalopram hydrobromide (Sigma-Aldrich; n 5 6) was added to the perfusate for 15 min, and then a wash out with saline containing only NMDA was recorded for 30 min. The final 2 min of each recording condition was used for analysis. 5HT (1 mM) and citalopram (5 mM) concentrations were selected after dose-response experiments found that they consistently elicited locomotor activity changes without abolishing episodic swimming activity (not shown).
Light Stimulation
Spinally-transected
Tg(pet1:gal4-p2A-EGFP) gy1 ;Tg(UAS:ChR2(H134R)-mCherry) umn200 larvae (n 5 13) were prepared for peripheral motor nerve recordings and perfused with NMDA-containing extracellular saline. Extracellular peripheral nerve recordings were initiated after 15-30 min of NMDA bath perfusion. TTL pulses from an A-M Systems (Sequim, WA) Model 2100 Isolated Pulse Stimulator were used to activate an X-Cite 120LEDBoost lamp (Excelitas Technologies, Waltham, MA). Light was delivered through a FITC filter set (number 41001, Chroma Technology, Bellows Falls, VT) and 203 water immersion objective on an Olympus BX51 WI microscope. TTL trains were delivered for 30 s at 5 Hz with 50 ms pulse durations. Fictive locomotor activity was analyzed as described above on the 30 s immediately preceding, during, and following light delivery. In control trials, 11 of the experimental Tg(pet1:gal4-p2A-EGFP) gy1 ;Tg(UAS:ChR2(H134R)-mCherry) umn200 larvae were also exposed to trains of red light (Supporting Information Fig. S1 ) through a Cy5 filter set (number 41008, Chroma Technology). To control for potential effects of blue light exposure, Tg(pet1:gal4-p2A-EGFP) gy1 clutchmates that did not express ChR2(H134R)-mCherry (n 5 4) were exposed to trains of blue light as described above (Supporting Information Fig. S2 ). Since ChR2(H134R)-mCherry expression was variegated, the number of cells displaying mCherry fluorescence was quantified in the skinned region of each preparation.
Statistical Analysis
Mean data is expressed as mean with SD and error bars represent one SD from the mean. Student's t-tests and oneway and two-way ANOVAs were used to identify significant effects when appropriate. ANOVAs that showed a significant effect were followed by Bonferroni-corrected posthoc t-tests for morphometric data and Tukey's HSD posthoc tests for electrophysiology data. Significance was tested at an a value of 0.05.
RESULTS
Location and Distribution
The Tg(pet1:EGFP) ne0214 line, which specifically labels serotonergic neurons and descending raphe fibers in the SCs of 4 through 10 dpf larvae (Lillesaar et al., 2009; Montgomery et al., 2016) , was used to examine the ISNs at 5 dpf. Live larvae were embedded in agarose and confocal Z-stacks were collected from the midbody region (centered on body segment 15) of the SC. A Z-projected lateral view of the midbody region revealed fluorescently labeled somas in the ventral SC and fibers in the ventral and dorsal SC (Fig. 1A) . A 90-degree rotation of the same Z-stack along the dorsoventral axis showed that processes were concentrated at the lateral edges of the SC, although ISN processes could not be distinguished from those originating in the hindbrain (Fig. 1A  0 ) . A Z-stack collected from a dorsal perspective indicated that the ISN somas were slightly lateral to the midline and fluorescently labeled fibers only occasionally crossed the midline (Fig. 1B) . Z projections of only the ventral SC (Fig. 1B 0 ) confirmed that the ISNs projected laterally, and that some cells possessed two lateral projections originating from the soma (arrowheads).
ISN soma location and distribution were examined in composite confocal Z-stacks of entire 5 dpf Tg(pet1:EGFP) ne0214 SCs. To visualize the positions of all ISNs in a single SC, soma positions from one larva were plotted along the rostrocaudal, mediolateral, and dorsoventral axes ( Fig. 1C and D) . Somas were distributed along the entire rostrocaudal axis of the SC and were located bilaterally in the ventral SC. Next, ISN soma positions in multiple 5 dpf SCs (n 5 5) were normalized and divided into 20 bins based on distance from the hindbrain/SC junction (defined as the intersection of body segments 2 and 3; Fig. 1E ), the midline (Fig. 1F) , and the SC floor (Fig.  1G) . Analysis of the entire rostrocaudal axis of the SC revealed an effect of bin number on the number of cells in each bin (single factor ANOVA; F 5 3.92; P < 0.001), while analysis excluding the caudal-most bin did not show an effect of bin number on cell number (single factor ANOVA; F 5 1.07; P > 0.05). This demonstrated that the ISNs were distributed evenly along the rostrocaudal axis, excepting the caudalmost 5% of the SC, which contained 9.4 cells compared with the other bins that each contained between 3.0 and 5.2 cells ( Fig. 1E ; mean cells per bin [bins 1-19] 5 4.52, SD 1.28). The mean distance of all ISN somas from the midline was 24.3% (SD 12.2) of the SC half-width ( Fig. 1F ) and somas were restricted to the ventral-most 8.0% (SD 5.2) of the SC (Fig. 1G) . The distribution of ISNs was similar at 3, 5, 7, and 10 dpf, although the higher number of ISNs found in the caudal-most SC was not observed in 3 dpf larvae (not shown). Furthermore, the mean number of ISNs in the SC (3 dpf: 74.6, SD 14.9, n 5 5; 5 dpf: 90.4, SD 10.0, n 5 5; 7 dpf: 84.3, SD 10.5, n 5 7; 10 dpf: 80.3, SD 3.3, n 5 6) was not significantly different between the same ages (single factor ANOVA; F 5 2.13; P > 0.05).
Embryonic zebrafish possess a population of 5HT-containing spinal neurons that express tph1a (Bellipanni et al., 2002) , while larval stage ISNs express tph2 and pet1, and can be identified by EGFP expression in the Tg(pet1:EGFP) ne0214 line (Montgomery et al., 2016) . Although 5HT-ir ISNs have been reported in the ventral adult zebrafish SC (Van Raamsdonk et al., 1996; Barreiro-Iglesias et al., 2015) , the tph gene expressed by these cells is not known. Examination of sagittal and transverse frozen sections of adult Tg(pet1:EGFP) ne0214 SCs (n 5 6) verified that pet1:EGFP-expressing cells were ventrally-located and colabeled with 5HT antibodies (red; Fig. 1H and I; 110 of 111 EGFP1 cells) and that 5HT-ir cells expressed pet1:EGFP (110 of 110 5HT-ir cells). Pet1 specifies tph2-expressing neurons (Lillesaar et al., 2007; Liu et al., 2010; Montgomery et al., 2016) , therefore adult zebrafish ISNs are putatively the same population of tph2-expressing ISNs that are present in larvae.
Morphological Changes
In zebrafish larvae, differentiation of the persistent population of pet1-expressing ISNs primarily occurs between 2.5 and 3 dpf (Montgomery et al., 2016) . Spinal 5HT innervation is established by 4 dpf and maintained through 10 dpf (McLean and Fetcho, SC sections were labeled with antibodies to 5HT (red). Dashed boxes in sagittal sections (H) indicate regions in which Z-projections were restricted to cell somas and enlarged 23 in the subpanels below. Antibodies detected fibers throughout the dorsal neuropil (dnp), lateral neuropil (lnp), and in the motor column (mc; asterisk and dashed ovals represent the central canal and Mauthner axons, respectively) in transverse sections (I). Antibody labeling of cell somas was restricted to those that expressed the pet1:EGFP transgene (green), which were located in, or near, the motor column in the ventral SC. Scale bars 5 50 mm (scale bar in A applies to A-B 0 ). Error bars represent SD.
2004a), although developmental changes to the projections of individual ISNs have not been studied. We confirmed ISN-specific expression of Gal4-p2A-EGFP in the Tg(pet1:Gal4-p2A-EGFP) gy1 line by labeling 5 dpf larvae with 5HT antibodies (Fig. 2A) . Quantification of fluorescently-labeled cells in the midbody region of the SC revealed both that EGFPexpressing cells were 5HT-ir (151 of 153) and that all 5HT-ir cells expressed EGFP (n 5 12 larvae). Next, the Tg(pet1:Gal4-p2A-EGFP) gy1 and Tg(UAS:Kaede) s1999t (Scott et al., 2007) lines were crossed to drive expression of the photoconvertible Kaede fluorescent protein (Ando et al., 2002) in progeny under control of the ISN-specific pet1 promoter. Green fluorescence was observed in ventrally-located somas and in rostrocaudally projecting fibers in both the dorsal and ventral SC (Fig. 2B) . To optically isolate ISNs, Kaede was photoconverted to its red form in single cells, revealing individual cell somas and processes, which were restricted to the ventral SC (Fig. 2B 0 and B 00 ). Finally, photoconverted ISN somas and processes were traced, filled, and thresholded in confocal Z-stacks for morphometric analysis (Fig. 2B 000 ). Individual Kaede-expressing ISNs were photoconverted between 3 and 5 dpf. Confocal images were acquired immediately after photoconversion and at one day increments following photoconversion to track the morphological changes undergone by ISNs during larval development. Morphometric properties of photoconverted cells were measured at 3-7 dpf and at 10 dpf (Fig. 3A) . Projection distances (rostrocaudal, rostral, caudal, dorsal, and lateral; Fig. 3B , 1 -5 , respectively) were measured in confocal Zstacks from the center of each soma. Threedimensional Sholl analysis originating from the center of cell somas in thresholded Z-stacks identified maximum projection distances (Fig. 3B, 6 ), critical values (maximum number of intersections), and critical radii (radius at which the critical value occurs; Fig. 3B, 7 ). Finally, the lengths of the longest rostrally and caudally projecting neurites were measured (Fig. 3B, 8 and 9 , respectively). The change to each measure was expressed as percent change from one day to the next (Table 1) . To illustrate morphometric changes over time, the percent change for individual ISNs (gray dots) and mean percent change (horizontal black bars) were plotted for a subset of the metrics (total rostrocaudal projection distance, dorsal projection distance, maximum projection distance, and critical value) over each timespan (Fig. 3C) . The largest mean percent change for each metric occurred between 3 and 4 dpf and none of the metrics changed significantly after 5 dpf (Table 1) . Thus, ISN innervation patterns as a whole exhibited the greatest change before 4 dpf and stabilized after 5 dpf.
Morphological Features
Zebrafish ISNs have been qualitatively described as having dendrites that project dorsally and laterally with a single, descending axon that projects 1-2 body segments caudally (Brustein et al., 2003; McLean and Fetcho, 2004a) . To more precisely distinguish Figure 3 Changes in ISN morphology during larval development. Kaede was photoconverted in individual ISNs at 3, 4, or 5 dpf and confocal stacks of red Kaede fluorescence were collected and analyzed from the same cell at later timepoints up to 10 dpf. A: Traced and thresholded images of a single photoconverted ISN were collected at 3-7 and 10 dpf (rostral is left, dorsal is up). B: Morphometric properties of each ISN were measured at each timepoint: rostrocaudal projection distance 1 , rostral projection distance 2 , caudal projection distance 3 , dorsal projection distance 4 , lateral projection distance 5
, maximum projection distance 6 , critical value 7 , rostral neurite length 8 , and caudal neurite length 9
. C: The percent change in rostrocaudal projection distance, dorsal projection distance, maximum projection distance, and critical value from one day to the next were plotted for each ISN (gray dots; horizontal bars indicate means; asterisks indicate a percent change significantly different from zero). Statistically significant changes to morphological features were not observed after 5 dpf. Scale bar 5 50 mm (applies to A). and quantify ISN morphometry, individual Kaedeexpressing ISNs were optically isolated. Confocal Zstacks of optically isolated ISNs were acquired from live 5-7 dpf larvae (Fig. 4 , n 5 46), since no significant morphometric changes were found after 5 dpf ( Fig. 3 and Table 1 ). Three-dimensional projections of the ISNs were acquired from a lateral perspective and rotated along the rostrocaudal and dorsoventral axes to produce images from the dorsal and transverse perspectives (Fig. 4A) . The majority of cells analyzed (30 out of 46) were unipolar, extending a single neurite that diverged into rostral and caudal projections, while the others appeared to be bipolar (16 out of 46), with one caudally-projecting and one rostrally-projecting neurite originating from the soma (Fig. 4A, arrows) . Presumptive dendritic processes branched dorsal and rostral to the soma, and cells had a single caudal projection that resembled an axon. Putative axon terminals consisted of an enlarged, and occasionally bifurcated, structure (Fig. 4A,  arrowheads) .
In agreement with these qualitative observations, averaged Sholl data (Fig. 4B ) demonstrated that the greatest number of intersections (critical value; 5.63, SD 1.79) occurred near the soma (at 16 mm radius), corresponding to the location of dendritic branching. There were fewer intersections further from the soma (1.32, SD 0.56 and 1.30, SD 0.48 intersections at radii of 50 and 100 mm, respectively), which was consistent with the extension of a single caudallyprojecting process. The Sholl plot in Fig. 4B contained only one cell that projected beyond 128 mm. Projection distances, neurite lengths, and critical radii were quantified for each ISN (Fig. 4C) . Both caudal projection distance (78.8 mm, SD 25.5) and caudal neurite length (105.8 mm, SD 29.0) were significantly greater than rostral projection distance (36.5 mm, SD 13.8) and rostral neurite length (57.0 mm, SD 16.2; paired t-tests; both P < 0.001). The mean rostrocaudal length of body segments containing each of the photoconverted ISN somas was 87.4 mm (SD 7.2) and the mean ISN rostrocaudal projection distance was 115.3 mm (SD 27.8), thus each ISN spanned approximately two body segments.
To verify the axonal identity of the caudal process and terminal structure, Kaede was photoconverted in 5 dpf larvae, which were processed with antibodies to SV2 (Fig. 5) . Since expression of UAS:Kaede was variegated, photoconverted Kaede fluorescence could be used to identify ISNs and their caudal projections (Fig. 5A ). Magnified single plane images (region indicated by the dashed box in panel A) of Kaede fluorescence (pseudocolored green) and SV2 antibody labeling (pseudocolored red) at the caudal terminals revealed punctate labeling of SV2 within the terminal structures (Fig. 5B-B 00 ). This confirmed that the caudal ISN projections and their large terminal structures were axons and axon terminals, respectively.
Spinal 5HT and Locomotor Output
Although 5HT is believed to play many functions in the production and modulation of locomotion, its aggregate effect on locomotor activity produced in the zebrafish SC is not known. To test the effects of 5HT on the output of the spinal locomotor circuitry, we severed all fibers descending to the SC from the brain, including the serotonergic raphe fibers, by spinally-transecting larvae (5-7 dpf) caudal to the hindbrain. Preparations were paralyzed, fictive locomotion was induced through bath perfusion of NMDA (McDearmid and Drapeau, 2006; Lambert et al., 2012; Wiggin et al., 2012) , and peripheral (9) 44.1 (33.7)* 15.5 (15.7)* 9.6 (12.3) 21.1 (6.6) 0.5 (5.6)
The percent change was calculated for each ISN from one age to the next and expressed as mean percent change (SD). Parenthetical numbers in the measurement column correspond to the diagram in Figure 3B . Asterisks indicate a percent change that is significantly different than zero (corrected t-test, P < 0.05).
motor nerve activity was recorded with extracellular suction electrodes (Masino and Fetcho, 2005) . Fictive locomotor output consists of bursts of activity that correspond to muscle contraction on one side of the body. These bursts normally alternate laterally, giving rise to the side-to-side flexions that make up swimming. Three or more temporally-grouped unilateral bursts were defined as swimming episodes corresponding to the active periods of swimming in freeswimming larvae (Masino and Fetcho, 2005) . Motor nerve activity was recorded in NMDA for 30 min (Baseline), 5HT was added to the NMDA- Figure 4 Morphological characteristics of ISNs. Kaede was photoconverted in individual 5-7 dpf ISNs and morphometry was quantified in confocal Z-stacks. A: Lateral confocal images of representative ISNs were rotated along the X and Y axes to simulate dorsal and transverse perspectives, respectively. The majority of ISNs extended one projection from the soma (30 of 46), while the others (16 of 46) extended two (arrows). Arrowheads indicate enlarged structures at axon terminals. B: Three-dimensional Sholl data was plotted as the mean number of intersections at radii originating from the center of the soma (gray area represents SD). The largest mean number of intersections occurred at a radius of 16 mm. C: Neurite projection distances, lengths, and critical radii were plotted for each ISN (gray dots; black horizontal lines indicate means). Parenthetical numbers in X-axis labels correspond to the diagram in Figure 3B . Scale bar 5 25 mm (applies to A).
perfusate for 15 min, and this was followed by a 30 min washout with 5HT-free NMDA (Washout; Fig. 6 ). The number of fictive locomotor bursts and their organization into discrete episodes of swimming (EO score) were calculated as a percent of the baseline to normalize Baseline variability between preparations ( Fig. 6C and D) . Treatment condition caused a significant effect on NMDA-driven motor nerve bursting (single factor ANOVA, F 5 6.93, P < 0.005) but not EO score (single factor ANOVA, F 5 0.82, P > 0.05). There were fewer bursts during 5HT treatment (73.6, SD 25.3 percent of baseline) than during the Baseline (Tukey's HSD, P < 0.05) and during Washout (109.8, SD 24.1 percent of baseline; Tukey's HSD, P < 0.005). Washout was not significantly different than the Baseline (Tukey's HSD, P > 0.05). Therefore, bath-applied exogenous 5HT reduced NMDA-driven fictive motor bursting without significantly affecting the grouping of the bursts into swimming episodes.
The degree to which the ISNs are involved serotonergic modulation of locomotor output has not been demonstrated in zebrafish. The proximity of ISN projections to motor neurons led to the hypothesis that 5HT specifically derived from the ISNs modulates the spinal locomotor network (Van Raamsdonk et al., 1996; Brustein et al., 2003; McLean and Fetcho, 2004b) . To test this hypothesis, we spinally transected 5-7 dpf larvae to remove the influence of the descending serotonergic raphe fibers. Baseline fictive locomotor activity was recorded in NMDA and an SSRI application reduces NMDA-induced fictive locomotor bursting and organization in spinally-transected larvae. Spinally-transected larvae were continuously perfused with NMDA to induce fictive swimming activity. The final 2 min of 30 min Baseline, 15 min SSRI (5 mM citalopram) treatment, and 30 min Washout recordings were analyzed from each preparation. A: Representative peripheral motor nerve voltage traces from one preparation in each condition. B: Burst times were plotted (vertical lines) for each treatment condition. Each row represents one preparation (n 5 6). Bursts were binned and summated below. C and D: The total number of bursts (C) and the episodic organization of the bursts (D) under each condition were quantified and expressed as percent of baseline for each preparation (gray lines) and the mean of all preparations (black dots and dashed line). Asterisks indicate statistically significant differences. Error bars represent SD. SSRI (citalopram hydrobromide) was bath-applied to inhibit reuptake of 5HT (Fig. 7) and thereby increase the amount of extracellular 5HT originating from the ISNs in the absence of intact raphe fibers. Treatment condition produced an effect on the total number of bursts recorded (single factor ANOVA, F 5 9.95, P < 0.005; Fig. 7C ), which was significantly lower than the Baseline during SSRI treatment (67.2, SD 11.3 percent of baseline; Tukey's HSD, P < 0.005). Burst number was higher after Washout (87.9, SD 19.2 percent of baseline) than during SSRI treatment (Tukey's HSD, P > 0.05) and was not significantly different from the Baseline (Tukey's HSD, P > 0.05).
There was also a significant effect of SSRI treatment condition on the grouping of bursts into episodes (single factor ANOVA, F 5 8.52, P < 0.005; Fig. 7D ). EO score was significantly lower than the Baseline during SSRI treatment (77.6, SD 15.7 percent of baseline; Tukey's HSD, P < 0.05) and Washout (75.2, SD 12.2 percent of baseline; Tukey's HSD, P < 0.01). There was no significant difference in EO score between the SSRI treatment and Washout conditions (Tukey's HSD, P < 0.05). Therefore, the SSRI reduced motor nerve bursting and episodic organization, and bursting returned to baseline levels after the Washout while the episodic organization of bursting did not.
Next, to directly test the effect of ISN activity on spinal locomotor network output, channelrhodopsin-2 was used to selectively activate the ISNs in transected SCs (Fig. 8) . Tg(pet1:gal4-p2A-EGFP) gy1 crosses to Tg(UAS: ChR2(H134R)-mCherry) umn200 produced specific expression of ChR2 (H134R)-mCherry in the ISNs. NMDA-induced fictive locomotor bursting activity was continuously recorded prior to (Baseline), during (Light), and following (Post) blue light illumination ( Fig. 8A and B) . Preparations were also illuminated with red light to verify that wavelengths of light outside of the range used to activate channelrhodopsin-2 did not affect locomotor activity (Supporting information Fig. S1 ). There was a significant interaction between time (Baseline, Light, and Post light) and color of light (blue or red; two-factor ANOVA, F 5 8.34, P < 0.005). Post-hoc testing revealed a significant reduction in bursting during blue light illumination (59.9, SD 31.3 percent of baseline; Tukey's HSD, P < 0.001), which was also significantly lower than during post-blue light illumination (112.4, SD 19.2 percent of baseline; Tukey's HSD, P < 0.001; Fig. 8C ). We did not find a difference in burst number between the Baseline and Post light conditions (Tukey's HSD, P > 0.05). Thus, activation of ISNs reduced the motor bursting output of the spinal locomotor network.
Although bursting was reduced in all of the preparations tested, the degree to which bursting was diminished was variable between preparations ( Fig.  8B and C) . Expression of ChR2 (H134R)-mCherry in double transgenic Tg(pet1:gal4-p2A-EGFP) gy1 ;Tg(UAS:ChR2(H134R)-mCherry) umn200 larvae was variegated (41.7%, SD 10.2 of EGFP-positive ISNs exhibited mCherry fluorescence), which is consistent with transgenerational silencing of UAS-driven transgenes (Goll et al., 2009; Akitake et al., 2011) . A higher number of cells exhibiting mCherry fluorescence correlated with a greater reduction in bursting during blue light exposure compared with the Baseline (Fig. 8D) . Therefore, individual differences may be due, in part, to the penetrance of ChR2(H134R)-mCherry transgene expression. Altogether, these data suggest that 5HT released from the ISNs reduces spinally-generated locomotor activity.
DISCUSSION
ISN number and location vary between vertebrate species. In fish, ISN cell somas and projections are commonly located near locomotor-generating regions of the SC (Parent and Northcutt, 1982; HarrisWarrick et al., 1985; Van Dongen et al., 1985a; Van Raamsdonk et al., 1996; Brustein et al., 2003; McLean and Fetcho, 2004a,b) and spinallyendogenous 5HT modulates locomotor output in lamprey Zhang and Grillner, 2000; Wang et al., 2014) . Although the zebrafish provides many added genetic and optical tools for investigating the relationship of the serotonergic system and locomotor network, a clear role for ISNs in modulating the spinal locomotor network has not yet been demonstrated. The aim of this study was to build upon previous characterizations of zebrafish ISNs by incorporating newer labeling and optogenetic approaches to more clearly elucidate the development, morphology, and function of these cells.
Cell Number and Distribution
The pet1 and tph2-expressing population of ISNs differentiates in the zebrafish SC between approximately 2.5 and 3 dpf, coinciding with the gradual loss of 5HT immunoreactivity in Kolmer-Agduhr neurons (Montgomery et al., 2016) . The Tg(pet1:EGFP) ne0214 line permitted in vivo quantification of the number and distribution of later-developing ISNs at 3 dpf and onward (Fig. 1) . ISN cell counts throughout the ;Tg(UAS:ChR2(H134R)-mCherry) umn200 larvae that expressed ChR2 (H134R)-mCherry in a subset of ISNs were perfused with NMDA to induce fictive swimming activity, then were exposed to a 30 s train of blue light pulses. A: Representative contiguous peripheral motor nerve voltage traces from one preparation before (Baseline), during (Light), and after (Post) blue light exposure. B: Continuous plot of burst times (vertical lines). Each row represents one preparation (n 5 13). Bursts were binned and summated below. C: The total number of bursts under each condition were quantified and expressed as percent of baseline for each preparation (gray lines) and the mean of all preparations (black dots and dashed line). Asterisks indicate statistically significant differences. Error bars represent SD. D: The number of ChR2 (H134R)-mCherry expressing cells was quantified in the skinned region of each preparation and plotted against the percent change in burst number. The number of ChR2 (H134R)-mCherry expressing cells positively correlated with a greater decrease in bursting activity when exposed to blue light (R 2 5 0.42).
rostrocaudal extent of the SC (excluding the first two body segments) did not reveal a significant change in ISN cell number between 3 and 10 dpf, which was consistent with our quantifications in different SC regions (Montgomery et al., 2016) . Cells were distributed evenly along the rostrocaudal axis with the exception of the caudal-most SC, in which a larger number of ISNs was observed ( Fig. 1C and E) in 5, 7, and 10 dpf larvae, but not in 3 dpf larvae (not shown). This difference may have been due to the timing of development of these cells along the rostrocaudal axis (Montgomery et al., 2016) , even though overall differences in cell number between these ages were not significant. While ISNs were distributed along the entire rostrocaudal axis of the SC, irregular spacing between somas in individual larvae (Fig. 1A-C) indicated that ISNs were not segmentally distributed like the axial motor neurons (Myers, 1985) . The position of ISNs within the larval SC was largely as expected (Brustein et al., 2003; McLean and Fetcho, 2004a) with somas arranged bilaterally along the SC floor, although we identified a relatively small number of somas that were more laterally located and/or did not contact the SC floor ( Fig. 1D and G) . Finally, the pet1:EGFP transgene continued to label ISNs in the adult SC ( Fig. 1H and I) . This, combined with the persistence of their ventral location, provides evidence that the identity of 5HT-ir cells does not undergo a major transition between larval and adult stages as it does between embryonic and larval stages of development (Montgomery et al., 2016) .
Projection Extension
ISNs are considered unipolar, with a single trunk extending from the soma and bifurcating into rostral dendritic projections and a single caudal axonal projection (Brustein et al., 2003; McLean and Fetcho, 2004a) . Although mature serotonergic spinal innervation is achieved by 4 dpf (McLean and Fetcho, 2004a) , the morphological development of individual ISNs has not yet been described. Therefore, we optically-isolated individual ISNs by photoconverting Kaede fluorescent protein in ISN somas to reveal morphology and to track projection growth over time. There was no significant change in rostral projection distance or rostral neurite length at any of the ages studied (Table 1) . This was likely due to high variability from 3 to 4 dpf; cells that had only begun to extend rostral projections when 3 dpf images were collected produced a much larger percent change than cells in which rostral projections had already formed. Sholl analysis indicated that the region with the greatest arborization corresponded to the rostral dendritic branches (Fig. 4A and B) and that the greatest number of intersections (critical value) increased significantly between 3 and 4 dpf ( Fig. 3C ; Table 1 ). Together, this demonstrated that the dendrites underwent a large amount of change from 3 to 4 dpf, but that the amount of change was highly variable. Caudal projection distance and caudal neurite length increased significantly from 3 to 4 and 4 to 5 dpf (Table 1) . Thus, rostral projections achieved a stable innervation pattern by 4 dpf, while the caudal axonal projections did not until 5 dpf.
ISN axons terminated with enlarged structures (Fig. 4A , arrowheads) that have been described as growth cones (McLean and Fetcho, 2004a) . Interestingly, these enlargements persisted at the terminals of fully-extended axons (Fig. 3A) . We found that synaptic vesicles were localized to these structures at 5 dpf (Fig. 5 ). This indicated that ISN growth cones mature into functional synaptic terminals during, or shortly following axon extension. The large size of the terminals suggests that they may be specialized, potentially for volume transmission of 5HT. In agreement with this hypothesis, extrasynaptic volume transmission is considered to be the primary method of 5HT signaling in the lamprey SC (Christenson et al., 1990) . The developmental transition and function of these terminals provides an intriguing direction for future work.
The overlap of serotonergic fibers labeled by 5HT antibodies and the pet1:EGFP transgene (Fig. 1A and B) led to uncertainty about the projection patterns and distances of ISNs (McLean and Fetcho, 2004a) . Since ISN projections were collectively established by 5 dpf, we studied the morphometry of optically-isolated ISNs between 5 and 7 dpf. Surprisingly, a subset of ISNs appeared bipolar (16 out of 46), even though they possessed projection patterns that were similar to unipolar ISNs (Figs. 1A,B and  4A ). Dorsal and lateral projection distances were short with little variability, while rostrocaudal projection distances and lengths were greater and relatively more variable (Fig. 4C) . Identification of ISN projection targets may explain the variability that we observed in neurite lengths and projection distances (Fig. 4) . Neurites projected laterally to the SC boundary as was previously described (Brustein et al., 2003; McLean and Fetcho, 2004a ), although we identified a single contralateral projection (Fig. 4A , top row) in 3 of the 46 cells examined. Despite these differences between ISNs, we did not find morphological evidence of functionally-diverse populations of ISNs, since innervation patterns were wholly stereotypical.
Function of ISNs and Spinally-Intrinsic 5HT Signaling
The proposed functional roles of ISNs vary between species and are commonly based upon ISN soma position and the regions of the SC that they innervate. ISNs in the mouse and rat are located dorsal to the central canal, are concentrated in certain rostrocaudal regions, and are hypothesized to modulate autonomic functions (Newton and Hamill, 1988) . Chick and monkey ISNs project to the central canal, potentially regulating flow of cerebrospinal fluid or releasing 5HT into the central canal (Lamotte et al., 1982; Sako et al., 1986) . These functions may be shared by the transiently 5HT-ir Kolmer-Agduhr neurons that contact the central canal in the embryonic zebrafish SC (Montgomery et al., 2016; Djenoune et al., 2017) . ISNs are distributed evenly along the rostrocaudal axis in lamprey and zebrafish, near the locomotor circuitry in the ventral SC Van Dongen et al., 1985a; Van Raamsdonk et al., 1996; McLean and Fetcho, 2004b ; Fig. 1) .
Modulation of the spinal locomotor network by spinally-produced 5HT is well-established in lamprey Matsushima and Grillner, 1992; Zhang and Grillner, 2000; Schwartz et al., 2005) , but has not been studied as extensively in zebrafish. Similar to lamprey (Harris-Warrick and Cohen, 1985; Christenson et al., 1989; Wall en et al., 1989) , NMDA-induced fictive episode frequency is reduced when exogenous 5HT is applied to in vitro adult zebrafish hindbrain/SC preparations (Gabriel et al., 2009 ). Episode frequency is also reduced with application of the SSRI citalopram to adult hindbrain/SC preparations, providing evidence that 5HT released from the hindbrain and ISNs into the SC potentiates inhibition of locomotor activity (Gabriel et al., 2009 ).
Here, we tested the effect of spinal 5HT in spinally transected larvae. This contrasts with the study by Gabriel et al. (2009) in that we removed the hindbrain, leaving only the ISNs as a source of spinallyendogenous 5HT. We first tested the effects of bathapplied 5HT on locomotor activity (Fig. 6) , which does not model physiological 5HT signaling since it is applied systemically to the entire SC. Next, we used citalopram to block reuptake of extracellular 5HT and test the effect of increased spinallyendogenous 5HT originating from the ISNs on locomotor output (Fig. 7) . Finally, optogenetic activation of the ISNs was used to test their role in modulating locomotor activity (Fig. 8) . Each of these treatments led to a decrease in motor bursting, which was reversed when the experimental treatment was removed. This suggests that overall, both exogenous 5HT and endogenous 5HT released from the ISNs have an inhibitory effect on spinally-generated locomotor activity, in agreement with the reduced episode frequency observed in adult hindbrain/SC preparations (Gabriel et al., 2009 ). In our experimental paradigm, supraspinal sources of 5HT were removed by spinal transection; however, the raphe axons remained in the SC. Our conclusions are based on the assumption that 5HT was no longer released from the severed raphe fibers after removal of their dendrites, soma, and axon hillock. Peripheral motor nerve recordings were initiated a minimum of 30 min following spinal transection, although it is not known if the remaining severed fibers were still capable of 5HT release. Future work could either independently ablate these axons, or in some way confirm their loss of function.
In contrast to our larval spinal transection data, 5HT and 5HT-receptor agonists increase the frequency of swimming episodes in intact larvae (Brustein et al., 2003) . The properties of the episodes themselves are not changed (Brustein et al., 2003) , indicative of an overall increase in locomotor activity. This differed from the reduction in activity caused by 5HT and citalopram in the adult hindbrain/ SC preps, hence Gabriel et al. (2009) proposed that this is due to the developmental stage of the animals. Since our findings in spinally-transected larvae more closely reflected the adult data, we suggest that the discrepancies are more likely due to the presence or absence of higher-order brain regions.
None of the previous zebrafish studies differentiated between spinal 5HT originating from the hindbrain and 5HT originating from the ISNs. We found that, after complete isolation of the SC from the brain, blocking 5HT reuptake and optogenetically activating the ISNs both caused an overall inhibition of motor nerve bursting (Figs. 7 and 8 ). This demonstrated that 5HT released from the ISNs is at least partially responsible for this effect. The effects of 5HT, citalopram, and ISN activation on the organization of bursts into swimming episodes were less clear. 5HT treatment did not produce a consistent effect on EO score (Fig. 6) . Citalopram did reduce EO score, but this effect did not wash out, even as the number of bursts did (Fig. 7) . Finally, EO score could not be calculated during optogenetic ISN activation since some of the preparations showed such a dramatic reduction in burst number that there were too few bursts to analyze, although activity returned in all preparations following removal of the light stimulus (Fig. 8) . This likely reflects that 5HT modulates locomotor activity at multiple levels in the spinal network, thus the targets of the ISNs and serotonergic raphe axons warrant investigation.
CONCLUSIONS
We incorporated a variety of optical imaging approaches to describe ISN distribution, morphology, and projection growth. ISN projections stabilized between 3 and 5 dpf, coinciding with the onset of mature swimming and hunting behavior (Budick and O'Malley, 2000; Buss and Drapeau, 2001 ). This is also the age at which treatment with compounds affecting serotonergic signaling are initially observed to produce an effect on locomotor output (Brustein et al., 2003; Brustein and Drapeau, 2005; Airhart et al., 2007) . We presented evidence that the spinal locomotor network is modulated by spinally-intrinsic 5HT derived from the ISNs in zebrafish larvae. Developing a better understanding of the ISNs and their function in the larval zebrafish will provide a framework for comparative work with mammals, allowing evaluation of the effects of 5HT-rich and poor environments on spinal networks after transection of descending raphe processes.
